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Abstract. Budgets are shrinking, therefore the space community is focusing on small satellites
to satisfy a wide range of applications. New and emerging technologies are helping to make
small satellite development less costly. However, matching improvements in the design and
development process are also required. In this regard, simulation is playing an increasingly
important role. The paper describes the design and development of a typical small satellite's
autonomous Guidance, Navigation and Control (GNC) subsystem supported by a graphical
simulation tool. The GNC is one of the critical technology elements and could be a significant
cost driver on future small satellite programs due to the high costs of the ground segment. The
paper will focus on different aspects of GNC design including the on-board software
development through concurrent simulation and hardware-in-the-Ioop integration and testing. In
introduction, the paper explains the concurrent engineering design approach using a graphical
simulation tool. The focus is then shifted onto the Canadian Smart Satellite Mini Platform
program. This is followed by a general discussion on autonomous GNC subsystem. The need
for establishing a framework for a complete spacecraft simulation architecture is presented
followed by a brief description of individual simulation models. In addition, the advantages of
using concurrent simulation for on-board software development and GNC design are discussed.
In conclusion, the paper describes the advantages of using simulation as a concurrent design tool
and the potential benefits gained from autonomous GNC.
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Introduction
In the conventional "top-down" or "waterfall"
approach to system design, each development
phase (requirement definition, design and
analysis, SIW development, and integration
and testing) must be finished before the next
phase can begin (Figure 1). Since there is no
direct way of verifying the design, each phase
must be undertaken with the utmost rigor and
deemed complete only after lengthy and
detailed expert review. To facilitate this
review, large amounts of documented analyses
must first be prepared. However, the notable
failures of recent new launchers and satellites
have conclusively demonstrated that this
costly and time consuming process is no
guarantee of success.

Mission
requirements

"'''"'"

~
Subsystem
requirements
Design
&

Analysis

Integration
&

Testing

The emerging new development process is
based on the concurrent simulation approach
where each step in the design is verified
iteratively as the design evolves. The maturity
of the design increases through each design
cycle which can be as short as a few days. As
the implementation problems are discovered
sooner, this approach promises reduced cost,
schedule and risk. However, together with the
appropriate simulation environment, some
rigor and discipline are required to prevent the
design process from becoming fragmented and
to focus the design team on the critical issues.

Figure 1 Couventional "Waterfall" Design
Methodology

It is important to establish a framework for a
complete spacecraft simulation architecture
well before any major development work is
undertaken. The major elements of the
architecture are (i) Satellite subsystems; (ii)
Payload (iii) Dynamics and environment; and
(iv) Ground segment. The main reason for
setting up an overall framework is to allow the
designers to refine the various elements as the
project develops. This process will avoid
unnecessary delays and additional costs
further down the program.

The paper discusses the concurrent simulation
approach which shall be used in the design of
the Canadian Smart Satellite Mini Platform
using
an
interactive
graphical
simulation/design tool. This tool is ideally
suited to the rapid prototyping task, allowing
the rapid and seamless integration of the GNC
control algorithms, sensors, actuators and
other spacecraft subsystems. The tool includes
automatic code generation, interface control,
and document preparation which provides
significant additional benefit.
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of a software development project with
minimal manual operations. 1

Subsystem Design Using an Interactive
Graphical Simulation Tool
The integrated design process, shown in
Figure 2, features rapid prototyping of an
entire subsystem from requirements through
design to implementation and test, on a target
processor, if required. The process features an
iterative method that significantly reduces the
design cycle time, maximizes re-use of
software and simulations, and results in
software products that are directly traceable to
the designers requirements using graphical
block diagrams.
The design process is
iterative from early requirement phases
through multiple design cycles leading to PDR
and FDR, through integration and testing.
Using an interactive graphical design tool,
such as MATRIXxTM or ROSESATTM, a
typical design cycle (i.e. requirement
definition, design, development, integration,
and testing) is repeated. However, what is
different from traditional methods is that each
time, the design cycle shortens and the
maturity of the design increases as the project
develops. Initial iteration may take months,
and then only weeks as the design matures.
Ultimately, the design cycle may be as quick
as a few days or less. Even with these short
cycles, configuration control and complete
software validation testing is maintained.
Using this iterative process, On-Board
Software (OBS) is not a schedule critical item
and the best software (SfW) design can be
implemented at the very late stages of
development. This late SfW implementation is
possible because it is not limited by a typical
8-10 month lead time to make software
changes in a traditional setup. Since the
designers are in the loop in each design cycle,
the final design is based on the best available
data and algorithms from the previous testing
to date. The key to this process is capturing
the design and its documentation in an
integrated environment with automated and
direct electronic interfaces linking all phases
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REQUIREMENTS
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Figure 2 Subsystem Integrated Design Process

Canadian Smart Satellite Mini Platform
Program
The Canadian Space Agency's Smart Satellite
Mini Platform (SSMP) program was initiated
in April 1998. The main objective of the
program is to arrive at an engineering model
of a smart platform incorporating innovative
small satellite bus technologies with an everincreasing degree of autonomy from the
ground segment. Driven by requirements to
lower launch and recurring costs, technology
is being pushed towards a functional
3
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integration of on-board hardware with
autonomous software along with adaptation of
ground segment systems that can support and
exploit this increased autonomy. These
technologies include smart platform (bus)
structures, advanced materials and novel
thermal controls, mechanisms, power, attitude
control, guidance, navigation and control
subsystems, on-board processing, software
fault tolerance, automatic planning and
scheduling and telescience.

SSMP Subsystems
The SSMP main subsystems include the
following: structures using Al honeycomb
with Al or composites depending on the
location. Power is based on GaAs solar arrays
with 65W (EOL) and a power mass penalty of
25 gIW backed up with NiCd rechargeable
batteries and controller to provide a 28V bus
voltage in daylight and eclipse. The required
pointing accuracy is better than 0.5° in all 3
axis. The Attitude Control Subsystem (ACS)
baseline design is based on a momentum bias
system with a single momentum wheel, 3
torque rods, I 3-axis magnetometer and GPS
for attitude determination. As an optional
SUbsystem, a basic mono propellant based
propulsion module can be integrated within
,the SSMP and housed within a central
composite cylinder. The thermal subsystem is
based on smart materials, high thermal
conductivity composites, active heaters and
passive thermal control using aluminized
Kapton Multi-Layer Insulation (MLI) with
novel protective coating against ultraviolet
and atomic oxygen degradation.
The autonomous thermal control envisaged for
SSMP will support the GNe. The system
based on heaters is implemented in software
of the controller which automatically controls
the ON/OFF heater switching according to the
temperature
provided
by
subsystem
thermistors. The thermal regulation software
can be improved in order to recover, without
ground intervention, any heater failure by
controlling both the heater and safety relays of
each regulated heater line. 2 This active
thermal control approach for propulsion
subsystem equipment such as tanks, fuel lines,
and thrusters, will complement the cost
savings due to autonomy from ground station
control.

The technical challenges with respect to
design to survive the harsh space environment
in LEOIMEO, perform autonomous station
keeping, and the need for fault or damage
mitigation techniques need to be considered.
The SSMP planned payload mission is
focussed on earth observation, new generation
search and rescue using active antenna arrays,
and near continuous data communication via
inter-satellite links.
The current orbit characteristics are based on a
600 km circular, dawn-dusk sun-synchronous
orbit (Figure 3).

The current mass budget for SSMP is 65 kg
with a growth capability of up to 70 kg.

Figure 3 SSMP in Normal Orbit Operation
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Concurrent Engineering Approach During
Design Verification and Test

advanced spacecraft, in shorter periods of time
(design to delivery), at reduced costs. This
section covers just one aspect of future
improvements to spacecraft technology. This
improvement exists III the guidance,
navigation,
and
control
subsystem.
Simulation is fundamental in proving and
implementing autonomous GNC technology.

In order to cut development and test time and
costs, a concurrent engineering approach has
been adopted using a real-time object oriented
as
MATRIXxTM
or
software
such
ROSESATTM where each of the subsystems
are designed and tested in parallel, allowing
tighter configuration control, issuance of up to
date interface control requirements, and
verification of system design through realtime simulation. As the project evolves from
the design to the hardware phase, the
subsystem equipment can in turn be integrated
and verified through Hardware-In-The-Loop
(HITL) simulations. The simulator will
change the environment with relation to the
spacecraft position, attitude and internal bus
configuration. The simulations of the various
orbital configurations and satellite operational
modes can save costs by reducing the
extensive test campaigns (such as thermal
etc.).

The future holds an increased use of faster onboard processors for earth satellites. This
reduces the need for large ground tracking
stations and complex as well as expensive
mission operations.
Traditionally, ground stations perform the
orbit control of satellites. The loss of orbit
control for short periods will not pose a threat
.to the mission, so real-time operations are not
required. Ground control commands are used
to fire the spacecraft thrusters to change or
maintain its orbit. Ground control will still be
required when large thrusters are used to place
the spacecraft in its desired orbit. When the
operational orbit has been reached, the
spacecraft can remain uncontrolled or
controlled within certain altitudes and
windows of operation. Low-thrust propulsion
can be used to maintain an orbit in
conjunction with today's onboard processing
capability to provide autonomous orbit control
for most satellites. This autonomy will provide
low cost, easy, and inherently less risky orbit
control for spacecraft. The main reason
spacecraft use ground station control for orbit
maneuvers is tradition. This proves to be
easier to sell to the customer since it has been
done in the past. Autonomous operations,
however, can allow the mission operators to
do what they do best, solve problems, handle
anomalies, and improve future mission
operations. 3

Autonomous Guidance, Navigation, and
Control
Ground stations have traditionally controlled
spacecraft but this leads to more complex,
costly, and risky space missions. For example,
the Lewis, OLYMPUS, and SOHO spacecraft
have all encountered ground station control
difficulties. Ground stations also contribute to
the rise of space mission costs. Autonomous
spacecraft control can reduce the cost of
mission operations and the risks involved in a
space mission. The technology to introduce
autonomous spacecraft control already exists.
The concurrent design! simulation philosophy
will aid the implementation of this technology.
The rationale for autonomous GNC is to
provide a method for producing "faster, better,
cheaper" spacecraft for future space missions.
The industry trend is toward producing more
5
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Ground~based

vs. Autonomous Orbit
Control

High cost space mISSIons are required to
follow methods and procedures that have been
used and verified. 4 One way to overcome this
reluctance is to have a semi-autonomous orbit
control subsystem which performs the orbit
control functions onboard but is supervised by
the ground station. The data could be
processed onboard the spacecraft and
downlinked for verification on the spacecraft
simulator and a conventional flight dynamics
system (Figure 4). This will increase the
ground personnel's confidence in the
spacecraft's autonomy.
The more advanced on-board processors
become and the more confidence is gained
through
concurrent
design/simulation
techniques, the more autonomous spacecraft
can be expected to orbit the Earth. 3

The tracking data of the satellite is processed
at the ground station and a series of
commands are uploaded to the spacecraft and
downlinked for verification. Then the ground
station sends a command to execute the timetagged control commands. This allows
maneuvers to be performed when the
spacecraft is out of sight from the ground
station.
The ACS needs to be autonomous for
If it were not
effective operation.
autonomously controlled, any delays or errors
from the ground station could result in loss of
mission. As the GNC subsystem is not subject
to this constraint, it is traditionally controlled
by the ground station. Since the GNC is
analogous to the ACS, control can be carried
out onboard the spacecraft. The two
subsystems could use the same on-board
processor to process the data and execute
control commands.
Recently, autonomous navigation systems
(GPS) have made orbit maintenance possible,
economical, and safe. Since the major part of
the day-to-day spacecraft operations are onboard, the autonomous systems bring down
operation costs and risk of errors. Some
missions require autonomous orbit control
simply due to the nature of the mission.
Missions such as a planetary fly-by, or a
mission to the far side of the moon would
require autonomous orbit control because
ground control would not be feasible. For
constellations of satellites, ground orbit
control represents a major portion of the
operational cost. There is also a lot of risk
involved since an operational error on the
ground could destroy the constellation.
Autonomous control reduces the potential for
operator error and reduces communication
errors that are common in operational
activities.

~~~
br~

Figure 4 A Concept to 'Prove' Autonomous GNC
Technology using Concurrent/Design Simulation
6
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3.

GNC Simulation Framework

A framework was established to simulate the
autonomous GNC concept developed in the
SSMP project. In the ROSESATTM objectoriented simulation environment, a simulation
is put together with a collection of various
types of objects from different libraries into a
set of schematics (i.e. models).5 Refer to
Figure 5 for an example of the propulsion
library and schematic. These include
dynamics objects (e.g. orbit propagators,
spacecraft environment, etc.), hardware
objects (e.g. sensors and actuators), and
software objects (e.g. flight software logic),
Developing a GNC framework essentially
refers to establishing a hierarchy of objects (or
object architecture) that together model the
complete spacecraft GNC. The framework
established here also makes provisions for
incorporation of other spacecraft subsystems.
In particular, interfaces are provided for power
and thermal subsystems on all spacecraft
hardware components.
A failure mode
interface is also provided for commanding
different malfunctions on the hardware and
studying their effects on the overall
performance of the spacecraft.
Provisions for the following components are
included in the general GNC simulator
framework:

1.

Disturbance Torques and Perturbation
Force

• Gravity gradient torque
• Gravitational perturbation forces due to
oblateness of the Earth
• Aerodynamic drag
• Aerodynamic torque
• Solar radiation force
• Solar radiation torque
• Magnetic torque

4.

Dynamics of the Spacecraft

• Attitude dynamics
• Orbital mechanics

5.

GNC System Hardware

• Actuators (thrusters)
• Sensors (GPS)
• Propulsion hardware (tanks, valves, piping)

6.

GNCOBS

•
•

Data processing
Control algorithms

Time
GNC Simulator Models

•
•
•
•

Mission time
Simulation time
Greenwich Hour Angle
Gregorian to Julian (12000 reference)
transformations

2.

Spacecraft Physical Environment

•
•
•
•

The complete spacecraft GNC simulation
consists of a number of models which perform
specific tasks. They are connected to each
other by off-cons which allow for data flow
between different schematics. The following
are the models used in the three dimensional
attitude and orbital motion of the satellite
including the GNC subsystem. It is important
to note that unlike the simple models used for
the GNC analysis, the models utilized for the
simulation (e.g. dynamics, sensors, actuators,
disturbances, etc.) are of high fidelity.

Gravitational field
Magnetic field
Earth's atmosphere
Sun position and radiation
7
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sun position object is based on the Julian day
and outputs the right ascension, declination,
and pointing vector in the geocentric inertial
frame. The gravitational field is computed
based on a non-spherical Earth and includes
several perturbation terms (note: user has the
choice of choosing anyone or combination of
these J-term perturbations).

Display objects are added to the schematics
for real-time monitoring of different variables
(e.g. orbit position, actuator outputs).
Furthermore, relevant variables of interest to
the GNC designer can be monitored by a realtime display option as well as a real-time
plotting option. Real-time plots can also be
sent to a printer for producing hardcopies of
the results for further analysis.

Satellite disturbances
Satellite time

Aerodynamic and solar perturbation forces
along with aerodynamic, solar, magnetic, and
gravity gradient disturbance torques are
computed in this schematic. The disturbance
torques are added to the actuator torques and
the resultant is fed through the attitude
,dynamic integrator. The perturbation forces
are summed with the thruster forces and input
to the orbital mechanics integrator.

This schematic provides the time information
during the simulation. Initialized by the user
defined simulation start time, it computes time
during the simulation. Then mission elapsed
time, Greenwich hour angle, and current time,
day and year are calculated. The current time
and date are used to obtain the sun position,
the eclipse condition and associated
environmental forces. Greenwich hour angle
is used for orbital dynamics simulation, and
for calculating Earth's magnetic field and
Earth to geocentric rotation matrix. The
mission elapsed time is used in the integration
of system dynamics.

Satellite dynamics

Starting from the user defined initial
conditions, the attitude and the orbital
dynamics are integrated numerically using a
fourth
order
Adams-Moulton
predictor/corrector algorithm. The attitude
integrator
integrates
the
quatemions
describing the attitude of the satellite relative
to the geocentric inertial frame. It also
integrates the angular velocity of the satellite
as a function of time by solving the body's
coupled equations of angular motion.
The orbital motion is expressed by the
position and velocity vectors, in the geocentric
inertial frame, which are obtained by
integrating the satellite's equations of motion
in translation.

Satellite structural configuration

This schematic calculates the mass and inertia
of the satellite at any given time for deploying
and deployed solar panels. The mass and
inertia are used in the dynamics and
disturbance schematics.

Satellite environment

Different environmental properties such as the
atmospheric model, Earth's magnetic and
gravitational field, sun position, solar flux,
etc., are calculated in this model.
The above are high fidelity objects based on
standard and published data and models. The

Satellite coordinate transformations

The attitude transformation matrices between
8
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different coordinate frames are calculated in
this schematic. Pitch, roll, and yaw angles are
obtained from the quaternions. These angles
are necessary to provide appropriate attitude
information to sensor objects. The position
and velocity vectors of the satellite's center of
mass are also calculated in different
coordinate frames (e.g. body frame of
reference). This information is used to obtain
the location of the satellite in order to compute
the various disturbance torques and forces.

Satellite Orbit Guidance (Propulsion)

The propulsion model contains a network to
provide pressure, flow, and temperature at
each node. The basic propulsion models such
as fuel tanks, thrusters, valves, pressure
sensors, etc., are contained within this model
(Figure 5). The OBS sends commands that
control the valves. Flow and pressure sensors
provide feedback. The thrust produced is fed
back to the dynamics model as external forces
and torques. As fuel is used, the mass of the
satellite is updated.

Satellite Orbit Navigation (GPS)

The navigation model receives GPS signals to
determine the satellite's measured position
and velocity within a known accuracy. The
GPS receiver considers the incoming
messages of four visible GPS satellites to
determine position and velocity. The position
and velocity vectors are then passed to the
other subsystems such as the GNC OBS
model.

Satellite Orbit Control (GNC ORS)

The objective of GNC is to maintain a
nominal orbit throughout the satellite's life.
The major operation for SSMP's GNC is the
drag make-up.
The algorithm used to determine the Delta-V
required for drag make-up resides in the onboard processor. The satellite's position is
determined from the orbit navigation model
and passed on to the on-board software model.
The Delta-V required to raise the satellite's
semi-major axis to the nominal value is
determined using the solution to the Gauss and
Kepler problems. The Delta-V calculated for
the initial bum, the circularizing bum, and the
time between these bums is passed on to the
orbit guidance model for thruster execution.6
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Figure 5 Satellite Propulsion Schematic and Library

The model of the ONe processor is
designed to calculate bums that can perform
a Hohmann type transfer to conserve fuel or
any two-impulse bums that will achieve a
nominal orbit within the required
constraints. The user may change the timeof-flight to determine the optimal transfer
trajectory, given the constraints.
The
following are the main parameters used in
the simulation:

Autonomous GNC Simulation Results
A simulation to perform the drag make-up
bums of SSMP was performed as an
example. This illustrates the benefit of
simulation tools to 'prove' the concept of
autonomous ONe. The parameters related to
the satellite's orbit, subsystems, and
environment, were chosen as representative
of the SSMP. The satellite orbit decays due
to atmospheric drag and when a specified
semi-major axis is reached, the GNe
subsystem executes its thrusters to make up
for the loss of altitude. Two bums are made
(FIGURE x) to initiate the transfer orbit and
to circularize the orbit at the nominal
altitude.

Nominal Orbit
Semi-major axis =6978.0 km
o
Right ascension =90
Eccentricity =0.0
10
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Argument of pen gee =0.0
o
Inclination =97.79
o
True anomaly = 0.0
.

0

Sensitivity Analysis

To explore the impact of uncertainty on the
GPS position error, a sensitivity analysis
was performed with a GPS position error of
35 m (1 cr error). 7 The result of the
sensitivity run was that following the two
burns, the semi-major axis attained was
6977.48 km. Hence, the GPS uncertainty of
35 m resulted in a final difference in semimajor axis of -52m which is acceptable for
the mission. Other sensitivity studies are
underway to establish the robustness of the
system based on the uncertainties of other
parameters.

Drag make-up maneuver input parameters
Coefficient of drag (Cd) =2.0
2
Aerodynamic surface area = 1.0 m
Semi-major axis at which drag
make-up burn is required =6977.0 km
Time-of-flight to
achieve nominal orbit =2900 s

The simulation illustrates the advantage of
using tools such as ROSESATTM to prove
autonomous GNC technology. Thus, the
risks of implementing autonomous GNC
technology are mitigated and the costs for
integration and testing are reduced.
Moreover, the confidence in the technology
can be built up as a result of concurrent
design simulations.

Drag make-up maneuver output parameters
dVl = 1.105 mls
dV 2 = 1.104 mls

dtl = 7.18 S
dt2 =7.18 s

The results of this simulation were plotted as
the change in the semi-major axis with time.
The drag make-up bums (dVl and dV 2) are
indicated on the graph (Figure 6).
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Figure 6 Drag Make-up Maneuver
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OBS Development for GNC Subsystems

benefit of this approach is a cost reduction due
to the reduced software development staff
required for initial requirement definition
through test and. integration.
The GNC
designer does the majority of the development
within the integrated and graphical
workstation environment (e.g. MATRIXxTM
and ROSESATTM), using analysis packages if
necessary (e.g. Matlab™). Refer to Figure 7
for a graphical representation of the suggested
method.

Guidance, Navigation, and Control subsystem
for an autonomous satellite will have to
contain embedded software of varying degrees
of complexity. With advances in the field of
integrated
electronics
and
software
engineering, flight hardware and software for
these satellites are evolving into more
versatile and complex systems. The trend
towards a more system level integration,
which includes the embedded OBS and
electronics hardware, has seen its pioneering
days in the aircraft industry. This trend has
also had a dramatic impact on the way that
software is designed, coded, and tested. Use
of advanced microprocessors, high level
programming languages (e.g. C and Ada), and
Computer-Aided Engineering tool will
provide the building blocks to support
concurrent engineering. This is necessary for
GNC development programs driven by tight
schedules.

GNC
DESIGN

o

o
o

o
o

Software development cost, schedule and
reliability issues must be given key visibility
at the very early stages of any program. This
provides the opportunity to propose and
develop a process based on an integrated
system level approach to GNC design. This
process exploits features of an interactive
graphical tool capable of capturing details
being implemented by GNC experts/designers.
Further, the flight source code obtained
through automated code generation can be
targeted to the actual satellite on-board
processor.

o

AlITOIIATI!D

DOCUMENTATION
INCLU!lIIlGALl
!COs

OIIS _ _

--

'lElllFlCA1lOH
REAL-TIME OIlS VAUOATIOIi

_ _ r....

In addition to the flight software developed
with this approach, test code representing high
fidelity satellite sensor and actuator models
can be designed in the same way. It can thus
be seen that a very high percentage of all new
spacecraft OBS can be developed from within
this integrated design environment, using
automated code generation. The ultimate

Figure 7 GNC OBS Development

In addition and probably more critical to fast
paced programs, challenging schedule
milestones can be met. Additionally, the
quality of the final software product is
maintained or enhanced since requirements
have been verified early in the program.
12
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Design validation occurs constantly at the
front end of the code generation process,
while the GNC designer is developing the
structure of the design to meet the
requirements.

NT Simulation
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Hardware-In-The-Loop Simulation
Description

ISA & PCI Slots
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The development of an HITL simulator is
intended to facilitate the so-called flatsat
integration approach where the smallsat
components can be integrated "on the bench".
These components are integrated along with
the on-board processor which is central to the
flatsat concept. The flatsat approach, which is
used widely by many in the smallsat industry,
allows for early integration of breadboards
and prototypes to help evaluate their
performance and interfaces. It also allows for
verification and validation of the OBS early in
the development and serves to integrate and
test the final flight hardware.
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The approach to implement HITL simulations
with ROSES ATTM is to connect the NT
Simulation Workstation (NTSW), VIa the
serial port and 110 boards (AI, AO, DI, and
DO) to the processor and all the required
hardware.
The serial connection would
provide the necessary interface needed to
communicate with the spacecraft controller
breadboard. When the spacecraft hardware
such as sensors and actuators are not
incorporated in the loop, the simulator would
provide simulated signals to the spacecraft
controller through the serial connection. Once
the hardware becomes available, it would then
be interfaced directly to the controller
breadboard. The NTWS will also provide the
necessary 110 to operate the required test rigs
and other such equipment (e.g. rate tables) to
achieve realistic sensor data output. It will
satisfy a wide range of flatsat configurations
with or without the satellite controller in-theloop (Figure 8).
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Figure 8 Flatsat Testbed
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risk. Reducing the spacecraft's dependency on
ground station control will be a step in the
right direction.

CONCLUSION

This paper describes the development of a
guidance, navigation, and control system for a
small satellite using graphical simulation tool.
As a consequence of this work certain
observations were made concerning the
impact of using simulation tools during
subsystem specification and design phases:
);>
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